A novel dual-mode large-mode-area multicore fiber with air-hole structure, which is a quasi-37 core structured fiber with 20 air holes and 17 cores, is proposed in this paper. This fiber can realize strict dual-mode operation, that is, the fundamental mode HE 11 and the second-order mode HE 21 operation. The air-hole structure makes the second-order modes TE 01 and TM 01 cut off. Effects of structural parameters on effective refractive index and effective area of fundamental mode are investigated systematically. By optimizing the structural parameters of the fiber, effective area of fundamental mode is up to 1557.91 μm 2 and maintaining a low bending loss (less than 10 −4 dB/m at R > 0.47 m) while keeping dual-mode operation. The fiber can be used for large-mode-area high-power optical fiber laser, amplifier, FTTH and so on.
Introduction
With a rapid development of the Internet of Things (IoTs), the requirements for transmission capacity of optical communication are getting higher [1] , [2] . High-capacity optical fiber would improve the network bandwidth and carrying capacity of the IoTs, which has attracted researchers' attention. However, the nonlinearity in the fiber limits the transmission capacity, and it is inversely proportional to the effective area of the fiber. By enlarging mode area, it can effectively reduce the nonlinear effect in the fiber [3] . At present, traditional single-mode fiber (SMF) is insufficient to meet the requirements of ultra-high fiber communication capacity, and the transmission capacity is access to the basic limit of SMF. Therefore, there have been significant interests in few-mode fibers (FMFs). FMFs support fewer spatial modes than conventional multi-mode fibers (MMFs) but more than one spatial mode. After a certain distance of transmission, FMFs have no modal dispersion or excess loss, which is of great significance for the expansion of optical fiber communication capacity [4] . However, there are some disadvantages in conventional FMFs: large differential modal group delay (DMGD) [5] , the contradiction between few modes and large effective area, coupling between modes [6] , attenuation caused by long-distance transmission [7] , and high micro-bend loss [8] , which limit the increase in transmission capacity.
Nowadays, space division multiplexing (SDM) which generally employs multiple channels separated in space has developed rapidly in recently years. The combination of FMFs and multi-core fibers (MCFs) can further increase the channel capacity in optical fiber communication [9] , [10] . For now, low-crosstalk MCFs have received wide attention because reducing crosstalk between modes can effectively decrease transmission loss and increase transmission capacity [11] , [12] . Recently, FMFs with coupled cores which can achieve large effective areas and overcome nonlinear effects have been investigated by many researchers [13] , [14] . Meanwhile, decreasing the number of high-order modes in the FMFs is of great significance for reducing transmission loss [15] . The designs in [16] - [18] reduce the number of high-order modes by adding air holes in MCFs, in which low transmission loss and large effective area are achieved.
In this paper, a novel large-mode-area MCF with a quasi-37-core structure including 20 air holes and 17 cores is proposed. Furthermore, the addition of air holes in the fiber makes the second-order mode reduce to half, realize strict dual-mode operation and decrease bending loss. By designing the structural parameters of the fiber, it has large effective area and small nonlinear effect in strict dual-mode condition. The performance of bending loss and effective mode area is investigated based on simulation. The effective area of fundamental mode is up to 1557.91 μm 2 and bending loss is less than 5 × 10 −3 dB/m at R > 0.20 m by optimizing the structural parameters. This fiber is expected to be suitable for high power fiber amplifiers, fiber lasers and large-capacity optical communication.
Fiber Structural Design
The cross section schematic of the proposed novel dual-mode large mode area fiber is shown in Fig. 1 . The fiber cores are arrayed in hexagon with triangle lattice as most conventional MCFs. It is a quasi-37-core structure that replaces cores in both sides with two air holes on a conventional 19-core fiber and adds a layer of surrounding air holes around it. Additionally, two air holes destroy the circularly symmetric structure of the fiber, forming leaky channels to increase the high-order mode loss, TE 01 mode and TM 01 mode are cut off and the number of LP 11 modes (including two HE 21 , one TE 01 and one TM 01 modes) is reduced to half [16] . Strict dual-mode operation can reduce the DMGD, transmission loss and model crosstalk in the fiber and also improve structural stability [19] . Fig. 1 shows the cross section schematic of proposed fiber. As seen in Fig. 1 , the white circles and blue circles represent the air holes and cores, respectively. The air holes have the same diameter with the cores. The gray region represents a pure quartz cladding. The diameter of the cladding is d clad = 125 μm. The refractive index of the fiber cladding is n cald = 1.444, the refractive index of air holes is n ai r = 1.000 and the refractive index of cores is n cor e . n = n cor e − n cald is relative refractive index difference between core and cladding, is core-to-core pitch (including each air hole), d is the diameter of cores and air holes, f = d/ is the relative core diameter. The structural parameters consist of n, and f. By optimizing the structural parameters, large effective area and low bending loss can be achieved while maintaining dual-mode operation. 
Fiber Mode Field Distribution Characteristics
The mode field distribution characteristics have been obtained based on the fully vectorial finite element method. The structural parameters are assumed: = 9.4 μm, f = 0.45, n = 0.3%. The operating wavelength λ is fixed at 1550nm unless otherwise specified.
In order to more clearly analyze the mode distribution characteristics of the fiber, we also perform a mode field analysis on another fiber whose parameters are the same as those of the fiber structure we designed. This fiber replaces cores of the outer layer of conventional 37-core fiber with a layer of around air holes, which is named as the quasi-37-core fiber around air holes. Comparing the mode field distributions of the proposed fiber and the quasi-37-core fiber around air holes, it is more intuitive to observe the change of the mode field distribution of the fiber we designed after replacing the two air holes.
The effective refractive index n eff of the guided modes propagating in the fiber needs to meet the condition: n clad < n eff < n cor e . The modes whose effective indexes are lower than n clad will be cut off in the fiber. The mode field distribution and the two-dimensional electric field vector distribution of quasi-37-core fiber around air holes are shown in Fig. 2 . There are six vector modes in the fiber, including two degenerate fundamental modes: HE 11−x and HE 11−y (ie LP 01 mode), two pairs of degenerate second-order modes: a pair of degenerate HE 21 modes, a pair of degenerate mode TE 01 and TM 01 (ie LP 02 mode).
The formula for calculating the effective refractive index n eff [16] :
where k 0 = 2π/λ, β is the propagation constant. The effective refractive index of HE 11 mode is n eff −H E 11 = 1.444375, the effective refractive index HE 21 mode is n eff −H E 21 = 1.444134 and the effective refractive index of TE 01 mode and TM 01 mode are n eff −TE 01 = 1.444134 and n eff −TM 01 = 1.444135, respectively. As shown in Fig. 2 , the TE 01 mode and TM 01 mode are circularly symmetrically distributed. The mode field distribution and the two-dimensional electric field vector distribution of the proposed fiber are shown in Fig. 3 . There are four vector modes in the fiber, including two degenerate fundamental modes: HE 11−x and HE 11−y , and two degenerate second-order modes: two HE 21 . The effective refractive index HE 11 mode is n eff −H E 11 = 1.444404. At the same time, we get the birefringence difference of two degenerate modes is B 1 = |n eff −H E 11−x − n eff −H E −11−y | = 2.19 × 10 −7 , the value of birefringence is small and can be ignored. The effective refractive index of HE 21 mode is n eff −H E 21 = 1.444133, the birefringence difference of two degenerate modes
−7 also can be ignored. TE 01 mode and TM 01 mode are cut off because the effective refractive index of the second-order modes TE 01 and TM 01 is n eff −TE 01/TM 01 = 1.443992 < n clad . The two air holes are able to make leakage channels for highorder modes and reduce high-order modes. Therefore, different from the conventional dual-mode fiber which LP 01 mode and LP 11 mode are guided, there are only two pairs of degenerate spatial modes guided in the proposed fiber: a pair of HE 11 modes and a pair of HE 21 modes that is strict dual-mode operation.
The fundamental mode field distribution of the fiber is approximately Gaussian. The effective mode area calculation formula of fundamental mode is [13] :
where E represents the mode electric field, E * is the complex conjugate. 
Influence of Structural Parameters On Fiber
In order to obtain a larger effective area and keep the fiber in dual-mode operation, we use a simple variable method to analyze the influence of three structural parameters ( , f and n) on effective refractive index n eff and effective mode area A eff of the proposed fiber.
Influence of
In order to discuss the influence of on n eff of each mode and A eff of HE 11 mode and HE 21 mode, it is assumed that relative refractive index difference between core and cladding n = 0.2% and relative core diameter f = 0.45. The n eff of each mode at various , and A eff of HE 11 mode and HE 21 mode at various is shown in the Fig. 4 (a) and (b), respectively. In Fig. 4(a) , n eff of each mode increases as increases while the range of is from 7 μm to 15 μm. When is less than 7.3 μm, there is no mode operation. Only the n eff of the fundamental mode is higher than the cladding refractive index when range is from 7.3 μm to 10.5 μm, so that only the HE 11 mode exists in the fiber. When range is from 10.5 μm to 11.5 μm, n eff of HE 11 and HE 21 modes is higher than the cladding refractive index, and HE 11 mode and HE 21 mode exist in the fiber. In this condition, the fiber strictly works in dual mode operation. When is higher than 11.5 μm, n eff of each mode is higher than the cladding refractive index, and each mode exists simultaneously in the fiber. Therefore, different modes can be chosen by changing the value of . In order to study the case of dual-mode operation, the variation of A eff of HE 11 mode and HE 21 mode is analyzed in the range of 10.5-11.5 μm as shown in Fig. 4(b) .That is to say, the A eff of HE 11 
Influence of f
Assuming two structural parameters: = 10 μm, n = 0.2%. The n eff of each mode as variation of f, and A eff of HE 11 mode and HE 21 mode as variation of f are depicted in Fig. 5(a) and (b) , respectively. As shown in Fig. 5(a) , we choose f ranging from 0.2 to 0.7, and n eff of each mode increase linearly with the increase of f. When f is less than 0.31, only HE 11 mode is guided in various modes and other modes are cut off. Because n eff of HE 11 mode and HE 21 mode is higher than cladding refractive index with f ranging from 0.48 to 0.54, the fiber strictly keeps in dual-mode operation. When f is larger than 0.54, n eff of each mode is higher than cladding refractive index, all of which are guided modes. When the range of f is 0.48-0.54, strict dual-mode operation is achieved in the fiber, and the effective area variation of HE 11 mode and HE 21 mode is discussed in this range. As shown in Fig. 5(b) , the effective areas of HE 11 mode and HE 21 mode decrease with f increasing. Meanwhile, by adjusting f in the dual-mode operation case, the maximum A eff of HE 21 mode is about 866.03 μm 2 and the maximum A eff of HE 11 mode is 851.34 μm 2 approximately. Therefore, reducing f can increase effective area, and the number of mode operation can also be controlled by changing f.
Influence of n
We fixed two structural parameters: f = 0.4, = 11 μm. The n eff of each mode as functions of various n, and A eff of HE 11 mode and HE 21 mode as functions of various n are displayed in Fig. 6. (a) and (b) , respectively. In Fig. 6(a) , n eff of each mode increases with n increasing in the range of 0.05 to 0.5. When n is less than 0.107%, all modes are cut off. When n is between 0.217% and 0.265%, n eff of HE 11 mode and HE 21 mode is higher than cladding refractive index. That is to say, HE 11 mode and HE 21 mode are guided modes, which strict dual-mode operation is satisfied. When n is larger than 0.265%, n eff of each mode is higher than the cladding refractive index and all modes can be guided in the fiber. The relationship of A eff of HE 11 mode and HE 21 mode and n during dual-mode operation is shown in Fig. 6(b) . As n increases, A eff of these two modes becomes smaller in the range of n from 0.217% to 0.265%. And then A eff of HE 11 mode is reduced from 893.68 μm 2 to 885.08 μm 2 , and A eff of HE 21 mode is decreased from 908.11 μm 2 to 898.01 μm 2 . Therefore, in the case where other structural parameters are constant, the smaller n is, the larger A eff is. 
Large Effective Area Optimization
In the fourth section, we analyze the influence of structural parameters on the fiber. It is understood that A eff of fundamental mode increases with the increase of , decreases with the increase of n and reduces as f increases. Therefore, we fixed four n of 0.15%, 0.20%, 0.25%, and 0.30%, respectively, and selected four f in each of n to be 0.45, 0.5, 0.5, and 0.6, respectively. Next, the range of in the condition of dual-mode operation is calculated when these structural parameters are fixed. When the size of is changed, the trend of A eff of fundamental mode is observed, from which a set of structural parameters of the largest A eff of fundamental mode is selected. The results are displayed in Fig. 7 . As shown in Fig. 7, a larger is beneficial to the expansion of A eff of fundamental mode with n and f fixed, smaller f and n result in a larger A eff of fundamental mode. Finally, the structural parameters are determined: = 13.3 μm, n = 0.15%, and f = 0.45, the maximum value of A eff of fundamental mode is up to 1557.91 μm 2 .
Analysis of Bending Characteristics
Large-mode area fibers are often accompanied by large bending losses. The geometric structure of fiber and n change with the bend of fiber. Meanwhile, the fiber transmission characteristics are changed. Therefore, the investigation of bending characteristics is necessary. It is assumed that the positive direction of the x-axis is to the right in the lateral direction of the paper, and the positive direction of the y-axis is upward in the longitudinal direction of the paper. When the fiber is bent in the positive direction of the x-axis, the equivalent refractive index distribution of the fiber cross-section can be calculated as follows [17] : where n 0 (x, y) is the initial refractive index of the fiber, n(x, y) is the equivalent refractive index after bending of the fiber, R eff is the equivalent bending radius after introducing elastooptic correction factor, R is bending radius of the fiber and R eff = 1.28R . A user-defined and well-optimized circular perfectly matched layer (PML) is used in fiber to solve unbounded problems with the finite-difference time-domain method. The bending loss α of the fiber is related to the imaginary part of the obtained effective refractive index, and its calculation formula [17] :
where the propagation constant β = (2π / λ) × n eff . After the analysis and calculation in Section 5, the structural parameters are fixed to = 13.3 μm, n = 0.15% and f = 0.45 while strict dual-mode operation is maintained. When the refractive index of coating is low (usually the refractive index of 1.36), it has an extremely low bending loss, which can be ignored. When refractive index of cladding is high, the bending loss needs to be calculated and analyzed. We use a high refractive index material (the refractive index of 1.50) as coating of the fiber. Bending loss and A eff of fundamental mode are analyzed by changing the bending radius R, as shown in Fig. 8(a) and (b) , respectively. HE 11−x and HE 11−y represent two polarization states of fundamental mode HE 11 , respectively. Obviously, two polarization states have the same change trend and good consistency when R changes. As shown in Fig. 8(a) , bending loss of the two polarization states of the fundamental mode is very close which decreases as R increases and eventually tends to be flat. When R is 0.2m, bending loss of HE 11−x is 3.1 × 10 −4 dB/m and bending loss of HE 11−y is 2.8 × 10 −4 dB/m. When R is larger than 0.47 m, bending loss of fundamental mode is less than 10 −4 dB/m. As shown in Fig. 8(b) , A eff of two polarization states of fundamental mode at the same time has a very high uniformity, and A eff of the fundamental mode increases as R increases. When R = 0.2 m, effective areas of HE 11−x and HE 11−y are 1444.75 μm 2 and 1443.44 μm 2 , respectively. When R is larger than 0.3m, A eff of fundamental mode is larger than 1500 μm 2 . At last, A eff of fundamental mode gradually becomes more stable as R increases. At R = 0.8 m, A eff of fundamental mode is approximately 1550 μm 2 . When R is smaller, the surrounding air holes limit the mode field distribution in cladding more strongly, thus causing A eff of fundamental mode to decrease. Compared with [16] and [17] , A eff and bending loss of fundamental mode are optimized greatly. A layer of surrounding air holes can better limit mode field inside the fiber. Therefore, bending loss is smaller and two polarization states of fundamental mode have better consistency.
We compare the bending performance between proposed fiber and typical fiber of Ref. [16] - [18] which have the similar structure with our proposed fiber. Comparison of performance between proposed fiber and other few-mode fibers is listed in Table 1 . The parameters and corresponding results of bending loss and effective area are all the conclusion of the articles. As can be seen from Table 1 , it clearly shown that the proposed fiber in this paper has a more excellent performance than the investigated fibers in Ref. [16] - [18] .
Conclusion
We present a novel dual-mode and large-mode-area multicore fiber with air-hole structure consisting of 20 air holes and 17 cores. The introduction of the air holes not only reduces the bending loss but also TE 01 mode and TM 01 mode are cut off. Therefore, only HE 11 mode and HE 21 mode exist in the fiber to support a strict dual-mode operation. We analyze the influence of three structural parameters (core-to-core pitch , relative core diameter f and relative refractive index difference between core and cladding n) on effective refractive index n eff and effective area A eff of the proposed fiber. After optimizing structural parameters, large effective area is up to 1557.91 μm 2 and bending loss is less than 10 −4 dB/m at R > 0.47 m. In addition, the fiber is flexible in design and simple in production, which can be used for large-mode-area high-power optical fiber laser, amplifier, FTTH and so on.
